. Therefore, elucidating the role that landscape variables play in influencing divergence patterns within this genus may help in gaining further insights into the process of speciation. Inter-population divergence within species of Plethodon has been related to IBE (Fisher-Reid et al. 2013) , as well as to both IBD (Gibbs 1998; Cabe et al. 2007; Shepard and Burbrink 2011) and IBB (Marsh et al. 2007 (Marsh et al. , 2008 Shaidani 2017) . Moreover, patterns of genetic divergence can be related to contemporary (Gibbs 1998) , as well as historical (Jordan et al. 2009 ), features of the landscape in this taxonomic group.
Salamanders of the genus Plethodon occur throughout the Piedmont and Coastal Plain regions of the southeastern United States, a region characterized by high levels of species richness (Keddy et al. 2006; Murdoch et al. 2007; Buhlmann et al. 2009 ), endemism (Sorrie and Weakley 2006) , and within-species genetic diversity (Bermingham and Avise 1986; Osentoski and Lamb 1995; Donovan et al. 2000; Austin et al. 2002; Beamer and Lamb 2008; Fontanella et al. 2008; Walker et al. 2009 ). This is an environmentally heterogeneous region that is bisected by potentially significant barriers to gene flow in the form of major rivers (Edwards et al. 2013 ).
Moreover, habitats across this region are often fragmented because of patterns of current and past land use (Turner and Ruscher 1988) . Therefore, this is an ideal area for testing hypotheses related to gene flow and genetic divergence in dispersal-limited species.
For our study system, we chose the salamanders of the Slimy Salamander, Plethodon glutinosus (Green, 1818) species complex, which occur in forested habitats throughout the area.
Originally described as a single, widespread species by Green (1818), this complex was split into D r a f t 5 allozyme profiles. Six of these currently recognized species occur within the lower Piedmont and Coastal Plain provinces of Georgia alone. These include P. chlorobryonis Mittleman, 1951, P. glutinosus (Green, 1818) , P. grobmani Allen and Neill, 1949 , P. ocmulgee Highton, 1989, P. savannah Highton, 1989, and P. variolatus (Gilliams, 1818) . Our purpose was to test whether patterns of genetic divergence within these species support the hypotheses of IBD, IBB, and/or IBE in this region of Georgia and the adjacent area of South Carolina. We were particularly interested in relationships with measures of the contemporary landscape.
Materials and methods

Study organisms
Slimy Salamanders are terrestrial members of the lungless salamander family, the Plethodontidae, which comprises nearly two-thirds of all known salamander species. The 14 parapatric members of the P. glutinosus species complex are residents of deciduous forests from Texas to New England. Under moist conditions they forage for invertebrates on the forest floor, otherwise taking cover under rocks, woody debris, and in underground refugia (Petranka 1998).
We collected a total of 114 specimens from 66 localities, primarily from the lower Piedmont and Coastal Plain of Georgia (Table 1 ; Fig. 1 ). We included specimens from throughout the geographic ranges identified by Highton (1989) for P. ocmulgee and P. savannah.
We collected additional specimens from well into the ranges identified by Highton (1989) for neighboring P. glutinosus, P. grobmani, P. variolatus, and P. chlorobryonis. For greater context, we collected an additional 14 specimens from eight more distant locations within the respective ranges of those neighboring species (Table 2; Fig. 1 ).
Salamanders readily regenerate their tails following amputation, including both central and peripheral components of the nervous system (Mchedlishvili et al. 2012) . Therefore, in order to avoid destructive sampling, we harvested tissue for genetic analysis by clipping approximately 1 cm of the tip of the tail. Each tail tip was stored in absolute ethanol to await DNA extraction.
We then released each specimen at its point of capture.
Molecular methods
We used Qiagen's DNeasy Blood and Tissue kit (Valencia, CA, USA) to isolate DNA from the tail tissue. We amplified three segments (1824 total bp) of the mitochondrial genome -12S rRNA-valine tRNA (12S rRNA), cytochrome b (cytb), and NADH dehydrogenase 4 (ND4) -using primers published by Titus and Larson (1996) and Mortiz et al. (1992) . We also amplified an intron (324 bp) of the nuclear gene interleukin enhancer binding factor 3 (ILF3) using primers published by Fisher-Reid and Wiens (2011) . PCR amplicons were cleaned up using ExoSapIT (Thermo-Fisher Scientific) following the manufacturer's instructions. We sent all purified PCR products to Molecular Cloning Laboratories (http://www.mclab.com) for Sanger sequencing.
We created mitochondrial and nuclear networks of DNA haplotypes to better visualize the relationships among haplotypes using the computer program PopART: Population Analysis with Reticulate Trees (Leigh and Bryant 2015) . For the mitochondrial network, the haploid mitochondrial genes were concatenated, and the median joining network option was used to calculate relationships among individuals in the network based on pairwise differences among haplotypes (Bandelt et al. 1999) . In order to obtain haplotypes from the diploid nuclear DNA, we used the program seqPHASE (Flot 2010) to prepare our FASTA file for use in the computer D r a f t program PHASE: a software package for Phylogenetics and Sequence Evolution (Jow et al. 2002; Hudelot et al. 2003) to predict haplotypes for each individual. The two haplotypes for each individual were used to estimate a nuclear DNA haplotype network using the median joining network in PopART.
We calculated genetic distances between individuals using the measure for individual genetic distance by Smouse and Peakall (1999) in the R package PopGenReport (Adamack and Gruber 2014; Gruber and Adamack 2015) . We recognized that our measure of genetic distance was based significantly on three linked regions of the mitochondrial genome. Phylogenetic inferences based on mtDNA often disagree with those based on nDNA (Rubinoff and Holland 2005; Toews and Brelsford 2012) , including within the genus Plethodon (Fisher-Reid and Wiens 2011). However, because of a smaller effective population size, mitochondrial genes normally fix new mutations at a faster rate than nuclear ones (Ballard and Whitlock, 2004) . Consequently, nDNA tends to be a lagging indicator of population divergence (Zink and Barrowclough 2008) . Therefore, nuclear genes may be rather poor measures of recent divergences, and this is apparently the case even at the species level in the P. glutinosus complex (Fisher-Reid and Wiens 2011). Therefore, we felt that relying on mtDNA for much of our measure of divergence among populations within this complex was justified.
Environmental data collection, coding of populations, and statistical analysis
We used ArcGIS v10.1 (https://www.arcgis.com/features/index.html) or DIVA-GIS v7.5 (http://www.diva-gis.org) to extract variables associated with individual locations in order to use them in our analyses. To test the hypotheses of IBD, IBB, and IBE, we assigned one or more of these variables ( We used three different measures for environment. The first was climate, the second was Normalized Difference Vegetation Index (NDVI), a satellite-generated measure of plant density, and the third was the watersheds of the 4 th -order streams we had chosen as barriers. We chose this last measure because divides between watersheds may represent dry areas across which salamander travel can be restricted (Peterman et al. 2014) and because the connectedness of mesic habitats associated with watersheds is correlated with genetic divergence in at least one species of Plethodon (Shepard and Burbrink 2008) .
We obtained measures of climatic similarity for each sampled population from the WorldClim dataset (worldclim.org) by overlaying the location of each sample collection with 19
BioClim layers representing measures of temperature and precipitation ( NDVI were extracted using DIVA-GIS v7.5. We created a pairwise matrix of dissimilarity between populations for each of the variables and NDVI using the 'dist' function with the default Euclidean distance in R (R Core Team 2013). We created a binary matrix representing the location of populations with respect to each watershed similar to that used for streams. Each pair of populations was coded with 1 if they belonged to the same watershed and 0 they belonged to different watersheds.
Species within this complex have been hypothesized to have diverged in allopatry and to have since come into secondary contact (Highton 1995; Highton et al. 2012) . Therefore, to remove the potentially confounding effect of species, we relied on sampling localities reported by Highton (1989) for each of the six species that inhabit the region. We first drew a polygon connecting the outermost collecting localities in Highton (1989) for each species to determine the minimum geographic range occupied by that species. We then assigned all of our sampled populations that fell within each respective polygon to that particular species. For sampling localities that fell between polygons, we drew a line equidistant between adjacent polygons and assigned our sampling localities to the nearest respective species. The one exception to this was for a locality that was closer to P. savannah than to P. cholorobryonis but which we assigned to the latter species. These specimens came from a bluff in eastern Burke County on the western bank of the Savannah River. Highton (1989) identified populations from northern Burke County (24 km to the northwest) and specimens from west of Burke County (Jefferson County) as P.
Moreover, all of the specimens within this region identified by Highton (1989) as P.
chlorobryonis occurred on the eastern side of the Savannah. However, we assigned the eastern Burke specimens to P. chlorobryonis because they clearly possessed the greenish lateral markings originally described as characteristic of P. chlorobryonis (Mittleman 1951) . We particularly checked the genetic affinities of these specimens to determine if our assignment was warranted. After assigning all specimens to species, we created a binary matrix representing the location of populations with respect to each species; populations were coded with 1 if they belonged to the same species and with 0 if they did not.
To analyze the possible relationships between the above variables and genetic distance, we developed a dissimilarity matrix for genetic distance between purported populations in R (R Core Team 2013). Next, we ran a correlation analysis to assure that our chosen variables were independent using SPSS (ibm. and MMRR) were run on the same data, we adjusted the alpha level for significance testing from 0.05 to 0.033 using the method to control the false discovery rate described by Narum (2006).
Results
Gene sequences from our sampled populations showed that there were three major clusters of haplotypes as determined by the program Network, based on mutations in unique haplotypes (Fig. 2) . These clusters largely corresponded with the taxa groupings P.
chlorobryonis/variolatus, P. grobmani, and P. ocmulgee/savannah. Across the taxa groupings, there was a total of 90 unique haplotypes, with an estimated 299 mitochondrial and 18 nuclear mutations in the haplotype networks. There was a particularly high level of genetic distance between the haplotype group representing P. chlorobryonis/variolatus and the other groups. Of particular note, haplotypes from the green-sided specimens collected in eastern Burke County grouped within that representing P. chlorobryonis/variolatus, indicating that our morphologybased species assignment of those specimens to P. chlorobryonis was valid. The haplotypes from populations recognized as P. glutinosus did not group together but were scattered among the major clusters.
PCA of the BioClim climate variables yielded four PCs that cumulatively accounted for 93.7 % of the total variance (Table 5 ). PC1-4 accounted for 58.9 %, 20.1 %, 8.3 %, and 6.3 % of the total variance, respectively. PC1 was driven by measures of temperature mean and range, as well as by variation in precipitation and precipitation during summer. PC2 was most strongly driven by maximum temperature and annual precipitation. PC3 was primarily determined by isothermality. PC4 was related largely to mean temperature during the driest quarter. The D r a f t correlation analysis of these four PCs and the other variables indicated no significant correlations between any pair.
The results of MMRR analysis indicated that four variables were significantly associated with genetic distance. These were species, climate PC1, NDVI, and climate PC4 (Table 6 ). None of the other variables were significantly related to genetic distance (geographic distance, climate PC2, climate PC3, watersheds, streams). The F value for the MMRR-generated model was 180.9376 (P = 0.001), with a total r 2 of 0.1470.
Discussion
We found considerable genetic structure in Slimy Salamanders across the lower Piedmont and Coastal Plain of Georgia and adjacent areas. The major clusters of mitochondrial haplotypes were generally associated with recognized species. Mitochondrial haplotypes formed three primary clusters associated with three respective taxonomic groupings: P.
chlorobryonis/variolatus, P. grobmani, and P. ocmulgee/savannah (Fig. 2) . This pattern explains the strong association between genetic distance and species in our analysis. A few haplotypes did not group with their expected haplotype cluster but with those of the geographically neighboring group. This could have been the result of our misidentification of certain boundary populations, or it could reflect hybridization between parapatric neighbors, a phenomenon which occurs commonly between species of this and related species complexes (Highton and Peabody 2000; Weisrock et al. 2005) . There was considerably less diversity of nuclear haplotypes (Fig. 3) . This was not unexpected given that nuclear divergence is known to lag behind that of the mitochondrial genome (Ballard and Whitlock 2004 Wiens (2006 Wiens ( , 2010 hypothesized that population divergence and speciation in this genus has been decoupled from climatic niche divergence and that niche conservatism in this group is a major driver of species formation.
However, our results agree with an analysis focused on the members of the P. glutinosus complex (Wooten et al. 2013) , which found that different species in this particular group occupy different climatic niches.
The significant climate PCs (PC1 and PC4) were both strongly influenced by measures of temperature, although PC1 also included considerable influence from several precipitation variables. One of the most important variables was precipitation during the warmest quarter, indicating a synergistic effect of precipitation and temperature. The ability for salamanders of the genus Plethodon, which are lungless, to effect gas exchange is negatively impacted by warm temperatures; this is particularly the case for larger species such as members of the P. glutinosus complex (Feder 1983) . Moreover, reproductive output of at least some members of this complex is influenced by precipitation (Milanovich et al. 2006) . Our study region is characterized by fairly warm temperatures and multi-year droughts that occur every 25 years on average (Edwards et al. 2013 ). These combined effects may depress densities of individual populations, in turn exposing them to the homogenizing effects of genetic drift. If drift is a strong factor affecting these salamanders, the randomness of its influence among populations would be predicted to increase genetic divergence among them.
We also uncovered a significant association between NDVI and genetic divergence. Moreover, several pairs of closely related species (P. cinereus and P. serratus Highton and Webster, 1976 ; P. cylindraceus and P. teyahalee Highton, 1989) environmental conditions suggest that such environmental features continue to strongly influence genetic differentiation in these salamanders. Our results agree with earlier studies (Shepard and Burbrink 2008; Peterman et al. 2014) in that populations of these salamanders diverge in response to a complexity of landscape variables, not just to the traditionally viewed geographic ones (i.e., barriers and distance). localities from which specimens were collected that were used for analysis of landscape genetics.
Black dots outside the circle represent localities from which specimens were collected as representatives of named taxa. Other symbols represent localities for named taxa reported by Highton (1989) . 
